The study was designed to investigate the effects of ramet size, site conditions and fertilizer applications on the relative performance of plant populations, when grown in spaced-plant trials. The effects of other factors are also considered.
INTRODUCTION
The spaced-plant trial has been the most widely used technique in studying the ecological genetics of plant species (Heslop-Harrison, 1964) , since it allows the easy identification and measurement of individual plants grown under uniform conditions. The spaced-plant technique has also been widely used in the initial evaluation of accessions for plant introduction and breeding, especially of forage species (Sleper, 1987) .
In spite of the wide use of the spaced-plant technique, few attempts have been made to validate it or to define the factors which might limit its validity. The main exception to this is that plant breeders have made many comparisons of the performance of genotypes and populations as spacedplants and in dense stands (e.g., Lazenby, 1957 and 1965; Knight, 1960; Copeman and Swift, 1966; Syme, 1972; Fischer and Kertez, 1976 ).
Two factors which might limit the validity of the spaced-plant technique are: (i) the effects of initial phenotypic differences, such as ramet size or seed size, and (ii) the effects of environmental conditions at the test site, which might favour some genotypes or populations more than others.
The validity of the spaced-plant technique would be suspect if there were initial phenotypic differences between populations, caused by previous differences in environmental conditions, and if these affected the subsequent performance of populations. Seed size is relatively constant within species (Harper et a!., 1970) , but environmentally induced differences in seed size do occur (Roach and Wulff, 1987) and can affect the subsequent performance of plants. For example, Black (1957) found that differences in final plant weight were proportional to initial seed size, when plants of Trfo1ium subterraneum were grown widely-spaced, though initial seed size seems to have a greater effect on final plant size if large and small seed are sown together in dense stands (Black, 1958; Kaufmann, 1958; Ciceciyan and Malloch, 1982; WuIff, 1986) .
Differences in initial ramet size can be substantially greater than differences in seed size, but there seems to be little available evidence on the effect of initial ramet size, except in the case of potatoes, where numerous studies have shown that initial tuber size can affect final tuber yield of potatoes, when grown at various densities (Allen, 1978) .
Most spaced-plant trials are carried out at a single site but, in some cases, parallel trials have been carried out at climatically contrasting sites (e.g., Clausen et a!. 1940 Clausen et a!. , 1948 Bradshaw, 1960; Chapin and Chapin, 1981; Ashmun and Pitelka, 1985) . When trials have been carried out at more than one site, the relative performance of populations (or genotypes) has usually differed at the various sites, i.e., there were population x site interactions, particularly if both the populations and the sites were highly contrasting. Although the effects of contrasting climatic conditions have been studied, the effects of contrasting soils and fertilizer treatments have not been studied.
This study was designed to investigate the effects of initial ramet size, and of contrasting soil conditions, on the performance of populations and genotypes in spaced-plant trials. The short-lived perennial grass species A. odora turn L. was used. The populations selected for study were collected from contrasting plots of the Park Grass Experiment at Rothamsted, which had received different fertilizer treatments annually for 120 years and different liming treatments for 70 years (Thurston, 1969; Williams, 1978) . Previous studies have shown that populations of A. odoratum from the Park Grass Experiment differ morphologically (Snaydon and Davies, 1972) , differ in their response to contrasting soils (Snaydon, 1970) , and differ in their response to various mineral nutrients and toxins Snaydon, 1973, 1974) .
MATERIALS AND METHODS

Populations
Five-tiller fragments were collected from 20 plants within each of ten sub-plots of the Park Grass Experiment; the various sub-plots had previously received contrasting fertilizer and liming treatments (table 1) . The fragments were planted in boxes of Levington compost and grown for 10 months. The resulting plants were then broken down into two-tiller ramets, which were planted into spaced-plant trials.
Experimental Designs and Planting
Experiment 1
A total of eight genotypes were selected from within populations 3U, 3L, 42U, 42L and 9U, on the basis of their contrasting performance in the first year of a spaced-plant trial at Shinfield, Berkshire.
Plants of the eight genotypes were taken from the trial (i.e., after 10 months in compost and a further year in the trial), and broken down into individual tillers, which were washed, carefully blotted dry and weighed. The ramets of various sizes were planted at 04 x 04 m spacing into a spaced-plant trial with four replicates, arranged in a randomised block design. The experiment was therefore an 8 x 3 X 3 factorial, where genotypes, tiller size and tiller number were the respective factors. The trial was planted at Shinfield (table 2) in August.
Experiment 2
Ten genotypes were selected at random from each of six contrasting populations (1U, 1L, 42U, 42L, lOU and 1OL), which had already been grown for 10 months in compost (see above). The resulting plants were broken down into two-tiller ramets, which were then planted into spaced-plant trials at each of three sites in the vicinity of Reading; the sites differed greatly in soil type (table 2), but also had slightly different climates. The 60 genotypes were randomly arranged, at 04 x 04 m spacing, in each of four blocks at each site. These four blocks received different fertilizer treatments: either 0 or 100 kg N ha1 y1 as sodium nitrate, and either 0 or 100 kg P hat y' as superphosphate. Thus the experiment constituted a double split-plot design in which sites formed the main plots, nitrogen fertilizer and phosphorus fertilizer formed the sub-plots, while populations formed the sub-sub-plots.
Planting at Churn took place in September, while planting at Shinfield and Bramshill took place in the following January. All sites were fenced against rabbits and kept free of weeds.
Measurements
The various attributes that were measured in the two experiments are listed in table 3. The plants 
Statistical analysis
Where necessary, data were transformed before analyses of variance were performed; for example, percentage survival data were transformed to /in; disease scores, which had a Poisson distribution, were transformed to 'JT; dry weight yield data were transformed to loge if there was evidence that the variance was proportional to the mean.
The various treatments in the two experiments (populations, tiller number, tiller weight, sites, N and P) were treated as fixed effects, i.e., Model I ANOVA, since they had been selected nonrandomly to represent extreme conditions.
In Experiment 1, the effects of tiller size and tiller number were initially separated, but these effects were later combined as "ramet size"; only the condensed form is shown here. In most cases, the main effects and interactions were tested against the conventional error term (i.e., replicate x treatment interactions), though in the case of plant survival the main effects were tested against the interaction M.S.
In Experiment 2, the effects of nitrogen and phosphorus treatments were initially separated, but were later combined as "nutrients"; only the condensed form is shown here. Since the experiment was unreplicated, the main effects and lower ** P<o.01.
P<001
Main effects tested against the interaction M.S. order interactions were tested against the relevant higher order interactions. No satisfactory error term is available to test the site effect.
RESULTS
Experiment 1 (i) Survival Plant survival of the various genotypes ranged between 50 and 100 per cent, after ten months in the spaced-plant trial; this difference was significant (P<001) compared with the genotype x ramet size interaction. The mean survival of each genotype was not significantly correlated with its mean tiller weight at the start of the trial.
Initial ramet size significantly affected plant survival (P<0001), but this was due almost entirely to the effect of the initial number of tillers. The mean survival of plants derived from ramets of two or four tillers was 94 per cent and that of plants derived from single tillers was 74 per cent.
(ii) Flowering date
There were large differences in flowering date among genotypes (P<0001, there were also significant population x site interactions for panicle height, shoot dry weight and mildew score (tables 6 and 7), i.e., the performance of populations was not consistent across sites; this is confirmed by the fact that there were no significant correlations between the performances of the populations at the various sites (table 8) .
A complete analysis of variance of the data for panicle height and shoot dry weight indicated that Initial variations in ramet size are a potential source of error in spaced-plant trials where clonally propagated material is used. There is little indication of the extent to which ramet size has been held constant in most previous studies, though several workers (e.g., Bradshaw, 1959; Antonovics and Bradshaw, 1970; Snaydon and Davies, 1972) have clearly stated that they used a set number of tillers per ramet, when working with grasses. In species other than grasses, for example Potentilla glandulosa (Clausen et a!., 1940) , Achillea mulefolium (Clausen eta!., 1948) , and Clintonia borealis (Ashmun and Pitelka, 1985) , it is usually more difficult to standardize the initial size of ramets.
In this study, there were only slight effects of initial ramet size, i.e., tiller size and tiller number, on the various plant attributes studied. The effect of initial number of tillers on plant survival is to be expected, since the probability of establishment and survival of a ramet should increase as the number of tillers per ramet increases. Thus, if the probability of death of a single tiller was 026, i.e., 74 per cent survival as found in this study, then the probability for a two-tiller ramet would be (0.26)2= 007, i.e., 93 per cent survival, and the probability for a three-tiller ramet would be (0.26) = 002, i.e., 98 per cent survival; this is close to the results obtained here. Ashmun and Pitelka (1985) found a significant correlation between mortality and initial ramet size in only one of two experiments with a non-grass species Clintonia borealis.
In this study, an initial difference in ramet size of more than ten-fold increased final plant weight by only 50 per cent, compared with the six-fold differences found between genotypes. The relative unimportance of initial ramet size was confirmed by the fact that there was no significant correlation between the final plant weight of each genotype and its mean initial tiller weight. Several unpublished studies (G. Crossley and A. D. Bradshaw, personal communication, and M. S. Davies and R. W. Snaydon, unpublished) have also failed to find any significant correlation between initial ramet size and final plant weight in grass species, while Ashmun and Pitelka (1985) found relatively small, but significant, correlations (r2=016 and 027) between initial ramet size and plant size at the end of the first year, in two experiments with Clintonia borealis.
The poor correlation between initial and final plant size, found here and elsewhere, is perhaps surprising. Since plants normally grow exponentially, initial differences in ramet size should be reflected in proportionally similar final differences, if there are no constraints on growth. Initial differences in seed size can give proportionate differences in final plant weight (e.g., Black, 1957), though Cideciyan and Malloch (1982) failed to find such an effect in two Rumex species. Perhaps subsequent competition for light, nutrients or water between individual tillers or branches within ramets reduced, or eliminated, the original differences in the studies where no correlations between initial and final plant size were found.
Other studies suggest that some phenotypic characteristics of ramets may affect subsequent plant performance. For example, Breese et a!. (1965) found that several cycles of vegetative selection for rate of tillering affected the subsequent rate of tillering within some clones of Lolium perenne. However, these effects seem to be limited to populations that have been maintained predominantly in a vegetative state for long periods, perhaps several centuries (Breese et a!., 1965; Hayward and Breese, 1968) , while A. odoraturn is a short-lived perennial (Antonovics, 1972) .
Although ramet size significantly affected some plant attributes in this study, the effect was always small compared with differences between genotypes, and in no case was there a significant genotype x ramet size interaction. These and other results, therefore, indicate that initial ramet size is unlikely to be an important confounding factor in studies involving the spaced-plant technique.
Environmental conditions
Plant performance differed considerably between sites in Experiment 2; these differences were probably due largely to different soil conditions, e.g., soil pH (table 2) , though slight differences in climatic conditions between sites may have had some effect. By contrast, nitrogen and phophorus fertilizers had little effect; in particular, nitrogen fertilizer had very little effect on spaced-plants of A. odora turn in this study, compared with its effect on dense swards of A. odoratum (Frame, 1983) . Lazenby (1965) also found that spaced-plants of L. perenne did not respond to nitrogen fertilizer, though dense stands showed large responses.
These probably reflect the fact that spaced-plants are able to obtain adequate supplies of nitrogen, even in the absence of fertilizer, because of the absence of inter-plant competition.
Although populations differed significantly for most attributes in Experiment 2, there were also significant population x site interactions for panicle height, shoot dry weight, and mildew score, so that there was no significant correlation between the performance of the populations at the various sites (table 8) . Previous studies (e.g., Clausen et a!., 1940 Clausen et a!., ), 1948 Chapin and Chapin, 1981; Ashmun and Pitelka, 1985) have shown that the relative performance of contrasting populations in spaced-plant trials is very dependent upon climatic conditions, this study shows that it is also very dependent upon soil type. The most likely cause of the differences between populations in response to sites was the large differences in soil pH (table  2) ; however, there was no evidence that the populations from plots with a history of liming (IL, 42L, 1OL) performed better on the calcareous soil at Churn, or that those from unlimed plots (1U, 42U, lOU) performed better on the acid soil at Branshill (table 7) . Previous studies with dense plantings of individual populations in contrasting soils (Snaydon, 1970) , and with reciprocal transplanting into swards on limed and unlimed plots (Davies and Snaydon, 1976) , have shown that, under competitive conditions, each population performs better when grown on its native soil type. The absence of such differences in this study may be the result of the absence of competition, since competition has been shown to increase differences in performance between populations (Snaydon, 1962; Cook et al., 1972) ; this will be considered below.
The absence of any population x N interaction in this study might be expected, since no differences in response to nitrogen have been found between these populations (M. S. Davies and R. W. Snaydon, unpublished) . However, significant population x P interactions might have been expected, since the populations have been shown to differ in response to phosphorus (Davies and Snaydon, 1974) . The absence of such interactions may partly reflect the relatively small effects of phosphorus on the performance of spacedplants in this study (table 6), but may also be the result of the absence of competition, as shown by Caradus and Snaydon (1986) .
The Spaced-Plant Trial Technique
The results obtained here and elsewhere indicate that the relative performance of populations in spaced-plant trials is little affected by initial ramet size. It would seem that "carry-over" effects of initial phenotypic differences in size may not be as great as has previously been assumed. Similarly, the relative performance of the various populations was not significantly affected by nitrogen or phosphorus fertilizer. On the other hand, the relative performance of populations was considerably affected by site conditions, so that conclusions concerning morphological differences between populations are likely to depend quite heavily upon the particular soil conditions under which spaced-plant trials are carried out; the results of previous studies indicate that climatic conditions also have a large effect. It is clear, therefore, that populations should be tested in several environments.
Perhaps the most dubious aspect of spacedplant trials, however, is the absence of competition, which is so important in both natural and managed plant communities. Numerous studies by plant breeders, using both forage species (e.g., Lazenby, 1957; Knight, 1960; Copeman and Swift, 1966) and crop species (e.g., Syme., 1972; Fischer and Kertez, 1976) , have shown that only weak correlations exist between the yield of genotypes or populations as spaced-plants and their yield in dense monocultures. Few such comparisons have been made in the context of the ecological genetics of plant species, and the effects of competition on attributes other than yield have received little attention, though Caradus and Snaydon (1986) have compared populations of T repens for a number of morphological and physiological attributes in a diversity of conditions; they found widely different correlations, depending on the particular attributes and conditions considered.
Populations should obviously be tested not only under conditions of intra-population competition, but also in conditions of inter-population or inter-species competition, in various relevant environments (e.g., Snaydon, 1962; Eagles and Williams, 1971; Bazzaz et aL, 1982; Helgadottir and Snaydon, 1985; Clay and Levin, 1986; Caradus and Snaydon, 1988) . Under such competitive conditions, differences in initial ramet size may prove to have a greater effect on the relative performance of plants than was found under the non-competitive conditions used in this study, just as differences in initial seed size have proved to have a greater effect under competitive conditions (e.g., Black, 1958 , Wultl, 1986 . Similarly, the effects of nitrogen and phosphorus supply are likely to be greater under competitive conditions (e.g., Lazenby, 1965; Caradus and Snaydon, 1986) .
While studies under conditions of inter-species and inter-population competition can provide useful information, probably the most useful method is the reciprocal transplant technique, in which contrasting populations are transplanted into their own native vegetation and the native vegetation of the other populations. This technique is now being increasingly used in studies of the ecological genetics of plant species (e.g., Davies and Snaydon, 1976; Turkington and Harper, 1979; Antonovics and Primack, 1982; Schmidt and Levin, 1985; McGraw, 1986) .
